Abstract: A novel fiber-optic liquid level sensor based on a cross-correlation optical time-domain Fresnel reflection technology is proposed and demonstrated. By processing a single-mode fiber (SMF) to create multiple gaps for generating Fresnel reflections, liquids surrounding the SMF modify Fresnel reflection intensity from the multiple gaps and the liquid level can be read by using a cross-correlation technique. We show the sensor for liquid-level remote sensing and its simultaneously measuring level of different liquids located in remote different places. Meanwhile, the sensor is sensitive to refractive index of liquids based on the cross-correlation peak change. The sensor will have many potential applications, because it is intrinsically safe, antielectromagnetic interference, and highly functional with a simple fabrication procedure.
Introduction
Researches on liquid level measuring attract great attentions, because it is very important in applications involving flood warning, fuels' or chemicals' volume monitoring etc. in which sensing the level of a liquid is needed. In the past years, numerous liquid level sensing techniques based on electrical, mechanical and optical approaches have been presented [1] - [3] . Electrical liquid level sensors are popularly used, but sensors of this type can't work well in corrosive, explosive, conductive or electromagnetic interference environment. Although mechanical liquid level sensors can overcome some of these above-mentioned shortcomings, they can't conduct liquid level remote measurement all by themselves. In recent years, under the promotion of optical fiber communication technology, optical fiber sensing techniques have been developing rapidly. Compared to other techniques, optical fiber sensors have some of the major advantages include immunity from corrosion, hash environment resistance, intrinsic safety, electromagnetic interference resistance, ability to conduct remote sensing and low power consumption [4] . Therefore, liquid level sensors based on optical fiber sensing techniques are well suitable for the liquid level measurement in all kinds of flammable and explosive dangerous occasions. There are some optical fiber liquid-level sensors Fig. 1 . Geometrical configuration of a sensing unit for the fiber-optic liquid level sensor, including main parameters and structure. n o , RI of the SMF adopted; n f , RI of the media filled in the gaps; graduation values of sensing units for the sensor,
based on various principles, which have been reported [5] - [14] . Several of them are based on the partial or total internal reflection effect, in which a prism [5] or a unique lens [6] or a special fiber tips [7] or a no-cladding fiber [8] is used as the sensing unit and the liquid level contacts with the sensing unit that makes intensity variations to realize the measurement. Other types of optical fiber liquid-level sensors take advantage of evanescent wave interaction or light wave coupling or interference effect, in which fiber gratings [9] or processed D-shaped fibers [10] or bent side-polished fibers [11] or plastic fiber gaps [12] or no-core multimode fibers [13] are adopted as the sensing unit. Research interests of these above-reported optical fiber liquid-level sensors are mainly given on monitoring of a small area such as an oil tank. For sensing of large areas e.g., multiple oil tanks in different places far apart or flood-prone regions, the ability of simultaneously measuring level of liquids located in remote different places is demanded. Reference [14] reported a scheme involving the integration of optical fiber-based sensors and a network platform consisting of multiple wireless electronic motes to meet the demand. However, because of the employed wireless electronic motes, the advantages of intrinsic safety and electromagnetic interference resistance of the optical fiber liquid-level sensing system are destroyed, thus it is limited to be applied in strong electromagnetic interference, flammable and explosive occasions.
In this paper, for the first time to our knowledge, we propose and demonstrate a novel fiber-optic liquid level sensor based on Fresnel reflection effect detected by a cross-correlation technique (called cross-correlation optical time domain Fresnel reflection technology (CCOTDFR)), which makes simultaneously measuring level of different liquids located in remote different places possible. The proposed sensor is anti-electromagnetic interference, intrinsically safe, sensitive to refractive index (RI) of liquids and capable of simultaneously measuring level of liquids located in remote different places with a simple fabrication procedure. The operating principle, fabrication of the sensing units, general characteristics and advantages of the fiber-optic liquid level sensor are given and demonstrated in the following parts.
Principle
A typical geometry of a sensing unit for the suggested fiber-optic liquid level sensor is illustrated in Fig. 1 . It consists of a number of equal length single mode fiber (SMF) segments which is uniformly spaced and thus creates multiple tiny gaps. The length of each SMF segment added the interval of the corresponding gap makes the graduation value of the sensing unit for the fiber-optic liquid level sensor. The operating principle of the sensing unit is based upon the Fresnel reflections formed by the multiple tiny gaps. According to the well-known Fresnel's laws of reflection, the wave-front relationships between incident and reflected light at a separatrix between two different media can be analytically explained and precisely described. In our case shown in Fig. 1 , the angle of incidence is smaller than 30°, the difference between the reflectance coefficients Rp and Rs of the p-and spolarized components can be ignored. Therefore, the reflectance coefficient can be expressed as in which n o is RI of the SMF adopted and n f is RI of the media filled in the gaps. In order to detect the Fresnel reflections at an interval of several centimeters or even smaller, a CCOTDFR is proposed. In the CCOTDFR, a broadband noise-like light source is used to sharp the correlation peak, which determines the measuring accuracy of the presented fiber-optic liquid level sensor. Light from the broadband noise-like light source is divided into two branches-the probe light and reference light. When the probe light passes though the sensing unit, Fresnel reflections happen at the interfaces between the SMF segments and gaps. In other words, each interface between the SMF segment and gap corresponds to a Fresnel reflection, i.e., the interface k corresponds to the Fresnel reflection u f (k). By calculating a cross-correlation of the Fresnel reflection light u f (k) and the reference light u r , the position of the interface k can be located. Thus, obviously, only the Fresnel reflection effect can be sensed and the system can't be sensitive to the above-mentioned interference sources such as connections, fusions, faults, extra losses and so on.
The two signals are collected by using an oscilloscope with 10 GS/s sampling rate, and the temporal sampling intervals T can be determined:
the speed at which light travels in the fiber can be obtained by formula (2) :
where the factor c refers to the speed at which light travels in vacuum, the parameter n refers to the refractive index of fiber. The factor of 2 is attributed to the travel time of incoming pumped and reflected light, thus the distance x can be calculated:
where the variable i refers to the corresponding sampling point at the location x. The correlation peak P (k) can be calculated and expressed as
in which the operation symbol cc{} refers to the cross-correlation calculation. As can be known from (1), the Fresnel reflection u f (k) varies with the change of the RI of the media filled in the gaps. Thus it can be further predicted from the (2) that different RIs of the media filled in the gaps would generate different correlation peaks, and the smaller RI of the media the higher correlation peak P (k). Based on this prediction, the fiber-optic liquid level sensor can be realized and operated according to the following steps. First, we put all the sensing units in the air and record the correlation peaks P ai r (k) using as a reference, which can be estimated and shown in Fig. 2(a) . Then, the sensor can conduct liquid-level measurements, liquids surrounding the sensing unit modify Fresnel reflection intensity and thus the correlation peaks P liq. (k) detected by the CCOTDFR can be changed accordingly, as shown in Fig. 2(b) . Finally, as shown in Fig. 2, Fig. 3 . Experimental configuration for verification of the prediction and investigation of the performance and potential of the suggested fiber-optic liquid level sensor. 1-ASE broadband light source, 2-DWDM, 3-EDFA, 4-fiber coupler, 5-OC, 6-FUT 1, 7-FUT 2, 8-sensing unit 1, 9-sensing unit 2, 10-PD 1, 11-PD 2, 12-oscilloscope, 13-cross correlation calculator, 14-display screen.
by comparing P li q. (k) to P ai r (k), the number i of the gaps surrounding by the liquid can be obviously read, and then the liquid level can be obtained as
Experimental Configuration
To verify the prediction and investigate the performance and potential of the suggested fiber-optic liquid level sensor experimentally, we fabricate the sensing units and then schematically arrange an optical setup as shown in Fig. 3 . To simplify the fabrication of the sensing unit and facilitate producing Fresnel reflection effect, the FC type optical fiber connectors are adopted to create the multiple gaps. And the sensing unit is made up with FC type optical fiber connectors which are linked by using some equal length G652 type SMF segments. The length of each SMF segment is 10 cm which is the shortest length commercially available for us and each FC type optical fiber connector is 5 cm, so the graduation value of the fabricated sensing unit is 15 cm. The RI of the G652 type SMF is 1.468 (i.e., n o = 1.468) at the wavelength of 1551.7 nm. As shown in Fig. 3 , the laser is a C-band amplified spontaneous emission (ASE) broadband light source with a spectral bandwidth of 30.6 nm and a maximum power of 35 mW. Light outgoing from the ASE laser passes through a dense wavelength division multiplexing (DWDM) with a spectral bandwidth of 0.4 nm and a central wavelength of 1551.7 nm, and the power of the light is amplified by an erbiumdoped optical fiber amplifier (EDFA) with adjustable gain controlled by 90 mA drive current. The amplified light is split by 99:1 fiber coupler, 1% of the light is used as the reference light and 99% of the light is provided as the probe light. The probe light passes through an optical circulator (OC) and then is launched into the fibers with two sensing units under test. Length of the FUT 1 and FUT 2 are 10.001 km and 1.91 km respectively, which link two sensing units. Fresnel reflections happen at the interfaces of the multiple FC type optical fiber connectors, in other words, each interface of the FC type optical fiber connector corresponds to a Fresnel reflection. The multiple Fresnel reflections from the fibers with two sensing units under test as well as the reference light are both detected by 1.2-GHz bandwidth photodetectors (PDs) and simultaneously collected by using an oscilloscope with 10 GS/s sampling rate and 3.5 GHz bandwidth. The cross correlation of collected data of the Fresnel reflections and reference light can be calculated and shown on a screen. 
Results and Discussion
Fig . 4 shows the result of sensing unit 1, consisting of six FC type optical fiber connectors, is employed for water level measurement over 10 km away from the CCOTDFR detection system, in which Fig. 4(a) is the correlation peaks gained by the CCOTDFR for the situation that all the FC type optical fiber connectors of sensing unit 1 are placed in air, and Fig. 4(b) shows the gained correlation peaks for the situation that five FC type optical fiber connectors of sensing unit 1 are immersed in water. By comparing Fig. 4(b) to (a), it can be obviously noticed that the level of the water can be sensed and read as 60 cm∼75 cm. And this experimental result proves that the prediction as shown in Fig. 2(a) and (b), we previously made according to the theory, is absolutely right. So based on the operating principle, we successfully design and demonstrate a fiber-optic liquid level sensor for liquid level remote monitoring. In theory, it should be pointed out that this type fiber-optic liquid level sensor based on the proposed principle has the potential to achieve liquid level measurement with millimeter or even higher accuracy, as long as the bandwidths of the broadband light source and the detection system are both broad enough. Here, in our experimental setup, the bandwidth of the broadband light source is sufficiently broad. However, the bandwidths of the two PDs are 1.2-GHz that decides the accuracy of the designed sensor to be around 5 cm as can be seen from the sharpness of the gained correlation peaks shown in Fig. 4(a) . In addition, the graduation value of the designed sensing unit also determines the accuracy of the sensor. In our fabrication, a tradeoff between the graduation value and design complexity is made. And the graduation value of the fabricated sensing unit is designed to be 15 cm, thus the accuracy of the designed fiber-optic liquid level sensor is around 15 cm as can be noted in Fig. 4(a) .
In order to further investigate the potential of the suggested fiber-optic liquid level sensor, we conduct other experiments which demonstrate the sensor for simultaneously measuring level of different liquids (e.g., water and salt solution) located in two different places over 10 km away from the CCOTDFR detection system, in which sensing unit 1 and sensing unit 2 are 1.91 km apart and both made up with five FC type optical fiber connectors. And the experimental results are obtained and shown in Fig. 5 . Among them, Fig. 5(a) shows the correlation peaks gained by the CCOTDFR for the case that two sensing units are both placed in air and recorded as the reference. Fig. 5(b) shows the gained correlation peaks for the case that the two sensing units are partially immersed in water. Fig. 5(c) gives the obtained correlation peaks for the case that sensing unit 1 are partially immersed in salt solution and sensing unit 2 are partially put into water. Fig. 5(d) shows the gained correlation peaks for the case that the two sensing units are partially immersed in salt solution. By comparing Fig. 5(b) and (d) to Fig. 5(a) , It can be obviously seen that the correlation peaks for the immersed FC type optical fiber connectors of the two sensing units become much lower and thus the level of measurand liquids can be accordingly read, which suggests the sensor is capable of measuring the liquid (water or salt solution) level in remote different places. It can also be concluded from the comparisons between Fig. 5(c) and (a) that the sensor is able to simultaneously measure level of different liquids located in remote different places. Meanwhile, the sensor can be sensitive to the RI of liquids, as can be noticed by comparing Fig. 5(d) to (b) , the correlation peaks framed in dashed lines in Fig. 5(b) are higher than that in Fig. 5(d) . The reason for this can be that the RI of the measurand water (n f = 1.333) is smaller than that of the measurand salt solution (n f = 1.347), which agrees well with the previous prediction the smaller RI of the media the higher correlation peak. It suggests the sensor can distinguish between water and salt solution. Therefore, this proposed sensor is capable of discriminating the RI of the measurand liquid.
It could be predicted that our method can be easily achieved millimeter or even higher accuracy measurement by using the more practical scheme of sensing unit which can be designed as shown in Fig. 6 .
The optical fiber segments are wound on a cylindrical bar. The gaps are equally spaced on it and the interval between adjacent two gaps can be set less than several millimeters or even smaller. What's more, the bandwidth of PDs does not need to be high which can reduce costs. 
Conclusion
In conclusion, we propose and demonstrate a fiber-optic liquid level sensor based on a CCOTDFR technology. Details of the operating principle, fabrication of the sensing units, experimental demonstrations and discussions are given, and experimental results agree well with the predictions based on the presented operating principle. The advantages of this new type of liquid-level sensor can be summarized as follows. (1) Based on the fiber-optic technique, the sensor is anti-electromagnetic and intrinsically safe. (2) Based on the Fresnel reflection effect, the sensor is sensitive to RI of liquids and can discriminate the RI of the measurand liquid. (3) Using the CCOTDFR technology, the sensor is capable of simultaneously measuring level of liquids located in remote different places. (4) According to a tradeoff between the accuracy and design complexity, the fabrication of the sensing units can be simplified. This type of sensor is promising not only for liquid level remote sensing, but also for RI sensing applications.
